Prior investigation on medical laser interaction with tissue has suggested device operational parameter settings influence laser generated air contaminant emission, but this has not been systematically explored. A laboratory-based simulated medical laser procedure was designed and pilot tested to determine the effect of laser operational parameters on the size-specific mass emission rate of laser generated particulate matter. Porcine tissue was lased in an emission chamber using two medical laser systems (CO 2 , λ = 10 600 nm; Ho:YAG, λ = 2100 nm) in a fractional factorial study design by varying three operational parameters (beam diameter, pulse repetition frequency, and power) between two levels (high and low) and the resultant plume was measured using two real-time size-selective particle counters. Particle count concentrations were converted to mass emission rates before an analysis of variance was used to determine the influence of operational parameter settings on size-specific mass emission rate. Particle shape and diameter were described for a limited number of samples by collecting particles on polycarbonate filters, and photographed using a scanning electron microscope (SEM) to examine method of particle formation. An increase in power and decrease in beam diameter led to an increase in mass emission for the Ho:YAG laser at all size ranges. For the CO 2 laser, emission rates were dependent on particle size and were not statistically significant for particle ranges between 5 and 10 µm. When any parameter level was increased, emission rate of the smallest particle size range also increased. Beam diameter was the most influential variable for both lasers, and the operational parameters tested explained the most variability at the smallest particle size range. Particle shape was variable and some particles observed by SEM were likely created from mechanical methods. This study provides a foundation for future investigations to better estimate size-specific mass emission rates and particle characteristics for additional laser operational parameters in order to estimate occupational exposure, and to inform control strategies.
In trod uctIon
The US Occupational Safety and Health Administration (OSHA) estimated that over 500 000 health care professionals, including surgeons, nurses, anesthesiologists, and surgical technologists, were exposed to laser or electrosurgical smoke in 2008 (OSHA, 2008 ; with development of new medical laser applications increasing rapidly, the number of exposed health care professionals will only increase. Animal studies have suggested adverse health outcomes from the inhalation of laser generated air contaminants (LGAC), including pulmonary inflammatory response (Baggish and Elbakry, 1987; Freitag et al., 1987; Baggish et al., 1988) and pathological changes similar to interstitial pneumonia, bronchiolitis, and emphysema (Baggish and Elbakry, 1987; Wenig et al., 1993) . Cases have also been reported linking viral infection of health care professionals to inhalation of viable LGAC material (Hallmo and Naess, 1991; Calero and Brusis, 2003) , and both OSHA and the National Institute for Occupation Safety and Health (NIOSH) have recognized the potential hazard that LGAC might pose to health care professionals and have recommended best practices during medical laser procedures (NIOSH, 1990; OSHA, 2008) .
Little is known about the make-up and composition of laser surgical smoke, particularly regarding the concentration and size fraction of the particles (Council on Scientific Affairs, 1986; Kunachak and Sobhon, 1998) . Particulate matter concentration in operating rooms during laser procedures have been estimated to be 3-fold higher than background and 100-fold higher than non-clinical office space (Tanpowpong and Koytong, 2002 , and concentrations decreased rapidly with increased distance from the surgical site and with time after completion of lasing activity, dependent on the ventilation of the space (Tanpowpong and Koytong, 2002; Albrecht et al., 1995) . The average diameter of these medical laser generated particles has been reported between 0.1 and 0.8 µm (Table 1; Hahn et al., 1995; Kunachak and Sobhon, 1998) . Viewing LGAC with a scanning electron microscope (SEM), most particles fall within the fine and ultrafine particle size range (diameter < 0.1 µm) (Nezhat et al., 1987; Hahn et al., 1995; Taravella et al., 2001) . Ultrafine particles may be the most abundant in the laser plume, have little mass, and are difficult to count and measure leading to difficulty in particle size and concentration estimations (Nezhat et al., 1987; Hahn et al., 1995; Taravella et al., 2001) . Further, methods and materials used for collection and analysis of the medical laser generated plume differed between the studies, making comparison difficult. No studies have systematically examined the size-specific emission rate of medical laser generated particulate matter (LGPM) relative to laser operational parameters. Identifying the operational parameters that influence size-specific mass emission rates may help the clinical and occupational hygiene communities make informed decisions about risk and control strategies, and inform medical laser manufacturers in the design of systems that minimize or eliminate particle emissions. The objective of this pilot study was to determine size-specific mass emission rates of LGPM across a range of operational parameters and to photograph the generated particulate matter using an SEM.
M EtHods
Emission chamber system design An emission chamber was designed, built and evaluated for performance and capture of LGPM during a simulated medical laser procedure; a technical drawing of the chamber is provided in Fig. 1 . A full description is reported elsewhere (Lippert et al., 2014) , but briefly, the chamber consisted of a square glass hood connected via a stainless steel transition section to an aluminum straight duct, and exhausted to a laboratory fume hood. Sampling probes for two real time particle counters were spaced 2.5 cm from each other and were located ~10 duct diameters (107 cm) downstream of the transition to allow the airstream to mix, stabilize, and reach laminar airflow. The AeroTrak® 8220 (TSI® Inc., Shorewood, MN, USA) measured particles larger than 0.3 μm in diameter at 6 size ranges (0.3-0.5, 0.5-1.0, 1.0-3.0, 3.0-5.0, 5.0-10, and >10 μm), and the P-Trak® 8525 (TSI® Inc.) ultrafine condensation particle counter measured particles between 0.02 and 1 μm. Isokinetic sampling, normally required when sampling particles in a gas, was not achieved due to the inability of the particle counter pumps to overcome the pressure difference necessary to match the airflow in the duct, so particle loss due to sampling in nonisokinetic conditions was calculated for each size fraction using a sampling error calculation for a properly aligned probe described by Hinds (1999) . A ten percent loss was expected at the 10 µm size range, 4.4% at 5 µm and <2% for smaller particle size ranges. Results were adjusted to reflect the particle loss (Hinds, 1999) . Size specific particle counts may also be affected by agglomeration and aging of particles during transport, but little is known about the behavior of LGPM after Figure 1 Emission chamber technical drawing.
generation, and we did not account for these behaviors in our study.
Two medical laser systems were used in the simulated medical laser procedure: the Ultra MD™ 40 Laser System (max power = 40 W, λ = 10 600 nm, pulsed; Laser Engineering Inc., Franklin, TN, USA) and the Medilas H 20-W Ho:YAG laser System (max power = 20 W, λ = 2100 nm, pulsed; Dornier Medtech, Germany). The Ho:YAG laser is commonly used in urological applications, while the CO 2 laser is used in almost all medical specialties (Pierce et al., 2011) .
We used porcine tissue in our laboratory simulation because of its similarity to human skin, its use in previous LGAC studies, (Stocker et al., 1998; Plappert et al., 1999) and its accessibility and low cost. Porcine tissue was purchased from a local butcher.
Experimental design
Three laser parameters were evaluated at settings that reflected the operational range for each device: power (W), beam diameter (mm), and pulse repetition frequency (PRF, in Hz; Table 2 ). To minimize the number of experiments for this pilot study, a 2 3 fractional factorial design was used, consisting of eight unique experiments (Table 3) . Two replicate center-points were utilized to test the linearity of relationship (StatSoft, Inc., 2003; Kutner et al., 2004) . A test of curvature was conducted and the standard deviation of the center-points was used as the experimental error of the design. Matched background samples were taken prior to each experimental sample.
Experimental runs were replicated three times to characterize the variability within each operational parameter combination, and the order of each experimental run was randomized and performed over the course of 2 days. Three-factor ANOVA without interaction terms was used to test effects of the three operational parameters using SAS 9.2 (Cary, NC, USA) statistical software. Interaction terms were omitted from our analysis due to the small sample size. An F-test of significance was used to indicate if the mean emission rates for each operational parameter were statistically significantly different from each other.
Experimental procedure
The AeroTrak® and P-Trak® devices were zeroed each day before sampling using a HEPA Zero Filter. Background particle concentration in the laboratory was determined prior to each experimental run by sampling in the exhaust duct of the emission chamber with the Aerotrak® and P-Trak® devices for 10 min with the blower running but without lasing.
The Ho:YAG laser was prepared by attaching the laser fiber to a fiber tip holder to control the beam during lasing. The CO 2 laser was designed with a movable arm and did not require a fiber tip holder to control the beam. In both laser systems, the beam diameter was regulated using a metal prong attached to the laser arm or the fiber tip holder to control distance to the target tissue, and the lasing was performed at a rate of 2 mm s −1 (Lippert et al., 2014) . Volumetric flow-rate in the straight duct was set to 3.3 m 3 min −1 to prevent saturation of the particle counters. Both particle counters began to log data 10 s after lasing had commenced and sampled for 10 min while lasing was ongoing, logging one measurement per second. The AeroTrak® particle counter recorded an average particle count per cubic meter of air sampled in each size range. The P-Trak® recorded a minimum, maximum, and average particle count per cubic centimeter of air sampled.
The generated particle emission rate was calculated by subtracting the background emission rate from the measured sample emission rate. Size-specific particle emission rates (particles min −1 ) were calculated by Particulate matter emission rates for simulated medical laser procedure • 517 multiplying the particle concentration by the volumetric flow-rate in the duct. Particle count emission rates were converted to mass emission rates for particles with diameters <10 μm. We assumed all particles measured were spheres and of unit density (1000 kg m −3 ). For each particle size range, a representative particle diameter and corresponding mass was determined, then multiplied by the total number of particles in the size range, yielding the total mass of particles. The approach was to calculate the settling velocity for the largest and smallest particles in each size range, and determine the average value. The slip correction factor was applied to particles <1.0 µm in diameter. The particle mass associated with the mean settling velocity in each size range was then used as the representative particle mass. We chose the aerodynamic diameter for determining the size of the average particle and its representative mass because other methods, such as taking the mean diameter at each size range, greatly over-estimated the mass of the smallest size range (0.02-1 µm). For all other size-ranges, the mass emission rate calculate using the aerodynamic diameter was similar to the emission rate calculated using the median diameter. Particles >10 µm in diameter were not converted to mass emission rates and were not reported since the size range did not contain an upper bound.
Scanning electron microscopy
Medical laser generated particles from four parameter combinations that generated different size-specific mass emission rates (Table 3) were collected on 37 mm SKC polycarbonate filters with a pore size of 0.8 μm in open-face cassettes. The sample air flow was 2.8 l min −1 and the sample duration was 20 s. The cassettes were held 2 cm from the surface of the porcine skin in a sampling methodology described by Taravella et al. (2001) . Filters were desiccated for 24 h post-sampling prior to photographing high density areas using a Hitachi S3000-N SEM at a resolution of between 100× and 2000× in variable pressure mode (10 Pa) and at an acceleration voltage of 20 kV. Higher resolution was not used since the smallest particles were scattered and imaging any specific area would produce one or two particles at best, and only after searching the filter sample for a long period of time. Photographs were taken in filter areas of high particle density to examine particle shape and size, and to determine the mechanism of particle formation.
r E suLts

Background measurements
High variability was present at every size range, and at almost all of the size ranges the standard deviation was larger than the average. Graphical representations of the background variance by time of sample indicated higher variability for samples taken in the afternoon compared to the morning. However, when background emission rates were graphed by time and day of sample, most of the variability was between days rather than the time of day.
Emission rate results
In 43 of 377 (11%) samples, the adjusted emission rate was negative, indicating that the background emission rate was higher than the matched experimental sample and results were modified by replacing negative adjusted emission rates with an insignificantly small value of 100 particles per minute, converting the particle count concentration to a mass concentration and analyzing the data using the modified dataset (Table 4) . Each particle size range followed a unique multimodal distribution, suggesting a mixture of influence from different mechanisms of particle formation, and simple transformations, including log and exponential transformations, did not improve the distributions of the data. The standard deviation between replicates of each parameter combination ranged between 0.5 and 125% of the mean for the Ho:YAG laser experiments, and from 0 and 200% for the CO 2 experiments.
The mean mass emission rate at each operational parameter level and the influence of each operational parameter on the emission of LGPM as described by percent variability (i.e. sum of squares of the operational parameter divided by sum of squares total) is presented in Table 5 . For the Ho:YAG laser, an increase in power led to a significant increase in mass emission rates for all size ranges. A smaller beam diameter led to a significant increase in emission rate at every size range, and influence of the pulse repetition frequency was only statistically significant at the smallest particle size range. At all size ranges, beam diameter was the most influential parameter in the emission of LGPM, followed by power. Overall, the influence of the three operational parameters was highest in the emission of the smallest particles.
For the CO 2 laser, all three operational parameters were significantly influential in the mass emission of the smaller particle size ranges. Power was influential for particles <3.0 µm, beam diameter for particles <5.0 µm, and PRF was only influential at the smallest size range, 0.02-1 µm. Beam diameter was the most influential variable in the emission of LGPM at most particle size ranges, followed by power. Similar to the Ho:YAG laser, the influence of the three operational parameters on the emission of LGPM was highest for the smallest particles.
SEM results
We purposefully examined high particle density areas (Fig. 2) on each filter sample without determining actual concentration. The shape of particles changed as the diameter increased; particles <10 µm were generally spherical in shape, while larger particles were irregular. In filter samples from the Ho:YAG laser, small particles were observed more frequently (<1-10 µm) than in the CO 2 filter samples (<1 to >50 µm), but many particles observed in the Ho:YAG laser filter samples were fibers. The largest spherical particles appeared to be conglomerates or products of foam formation (Fig. 2B,D) .
dIscuss Ion
In the resultant emission rates using the Ho:YAG laser, an increase in power and a decrease in beam diameter led to statistically significant higher average mass Particulate matter emission rates for simulated medical laser procedure • 519 emission rates. With the CO 2 laser, power was statistically significant at size ranges <3.0 µm and beam diameter at size ranges <5.0 µm; PRF was only significant at the smallest size range (0.02-1 µm).
The percent variability each operational parameter explained suggests beam diameter was the most influential variable in the emission of LGPM and explained between 24.4 and 59.4% of the variability in the Ho:YAG laser and between 14.3 and 38.8% of the variability in the CO 2 laser. With both laser systems, the proportion of the variability explained by the parameters was greatest at the smallest particle size ranges, indicating the operational parameters influenced generation of the smallest particles the most.
Variability of the study design measured by the standard deviation of the center-points and of replicate samples was large. The results suggest future experimentation should involve additional replication, and improved control of the lasing experiments. Background samples in particular were highly variable when examined as a single data set. At most of the size ranges, the standard deviation was greater than the mean, indicating a deviation of at least 100%. Variability was mostly between days and not within day, indicating that the laboratory environment contributed significantly to the variation in background concentration. In future studies HEPA filtration of the incoming air would be helpful in decreasing background particle concentrations. The best solution would involve enclosing the chamber and supplying HEPA filtered air directly into the system, this would decrease the variability and concentration of particulate matter in the background airstream. Nevertheless, our pilot study was able to determine statistically Table 4 . Average size-specific mass emission rate (µg min significant changes in emission rates when varying the operational parameters. Some additional factors that likely contributed to the variability in emission rates would also occur in the clinical setting and affect emission rates during procedures. Porcine tissue used varied in thickness, texture, and color, similar to findings in the literature (Yager and Scott, 1993; Avon and Wood, 2005) , and similar to what occurs in clinical settings with patient variability. Table 5 . Average background-corrected size-specific particle emission rate (µg min The operational parameter settings utilized in this pilot study were chosen to examine the influence of a range of settings on size-specific mass emission rates. Differences in delivery of the laser energy, maximum power, and PRF available for each laser did not allow for a direct comparison between laser systems. For example, pulse duration affects both power and pulse repetition frequency and may in turn affect the generation of LGPM. When power (W or J/s) is held constant, shorter pulse duration would increase the amount of energy ( J) output by the laser. Higher energy per pulse is believed to increase a shockwave effect in tissue, increasing the amount of mechanically ejected material. In our study, the Ho:YAG laser did not allow for manipulation of the pulse duration, set by the manufacturer to 350 μs. The CO 2 laser did allow for limited manipulation, however, the shortest pulse duration available in the continuous setting was 0.1 s, over 280 times longer than for the Ho:YAG laser. This difference in pulse duration could have affected the size and amount of LGPM being generated by both laser devices. Regarding the laser systems used, the Ho:YAG laser delivered energy through a laser fiber that had to be periodically reshaped with use, which likely affected the power density on the tissue.
Imaging of particles using an SEM demonstrated a method to examine morphological differences in particles while varying laser operational parameter settings. Mechanism of formation may not definitely be determined by this study, but some particles could be generally categorized as products of mechanical ejection (i.e. physical tissue destruction) partially caused by a shockwave effect as opposed to combustion products, and are more likely to carry viable bacteria or viral particles. Many large particles in the CO 2 filter samples exhibited a uniform cratered surface that was attributed to foam formation while larger particles from the Ho:YAG laser were irregularly shaped and included many fiber-like particles that may not be products of tissue-laser interaction, but hair from pig skin, particles from background air, or from contamination during filter preparation and transport. Direct comparison of filter samples to emission rate results was not possible, as areas of high concentrations were specifically chosen on each filter in order to maximize particle shapes and diameters for imaging. Many ultrafine or nano sized particles were noticed on filters, but the magnification we used was not sufficient to characterize these particles. Some studies have noted thermal damage to tissue can be mitigated with changes to wavelength, pulse duration, and irradiance. This may indicate that the mechanisms of formation and characteristics of LGPM will likely change with the manipulation of operational parameters (Walsh et al., 1988; Ross et al., 1996) . Future research may involve collecting multiple filter samples at the same operational parameter combinations and randomly choosing areas on each filter to photograph and characterize. Since particle size varies considerably, and we noticed many particles in the nano size range on filters, photographs at higher magnifications should be taken. Similar images may be useful in determining the ability of particles to carry viable material and may be helpful in risk communication. Particles that are large in diameter and that are not from combustion products are more likely to carry viable cellular material and careful examination at high resolution may be able to distinguish bacteria, viruses, or complete cellular structures. Expanding this study to include additional operational parameters such as pulse duration and energy per pulse may help to further explain particle generation, and ultimately identify operational parameters and settings that most influence the generation of particulate matter. Increasing the number of replicates will account for some of the experimental variability and allow testing of interaction terms, which may be influential contributors.
con cLus Ions
The goal of this pilot study was to establish a method of identifying laser operational parameters that influenced size-specific mass emission rates and to capture images of LGPM. Results indicate a need to further refine the collection methods by reducing the variability present in the study design and laboratory environment. We were able to demonstrate that all three factors were influential in the generation of particulate matter during the lasing procedure. An expansion and refinement of these methods would be helpful in determining clinical procedures and laser device settings that produce the greatest exposure risks, and communicating the risk to the clinical and occupational hygiene community will increase awareness and ultimately lead to improved control strategies and laser device design that minimize or eliminate LGPM exposures.
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